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of chloride and moisture through the concrete. The delaying of onset of corrosion is evaluated for
surface treated and untreated concrete using electrochemical techniques. After conducting rapid
chloride permeability test (RCPT), using Nernst–Plank equation, the diffusion coefﬁcient of chlo-
ride (Deff) is calculated. Substituting threshold chloride concentration of rebar (Cth) from cyclic
polarization test in the ﬁcks second law, the time to initiation of corrosion (Ti) is arrived. From
the results it is found that the treated concrete with alkyltrialkoxy silane sealer delays the onset
of corrosion by four times than that of untreated concrete.
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Reinforced concrete is an economical, versatile and highly suc-
cessful construction material used to build concrete structures.
The concrete structures such as bridges, offshore platforms,
tunnels, high pressure reaction vessel in the nuclear industry
are constructed to perform in hostile environments. All of5 227385.
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07them are subjected to severe environmental conditions
throughout its service life for which they are intended. In such
situations, structures need to satisfy two basic requirements
such as strength and durability. These two may not always
be obtained with the techniques and materials adopted for pro-
ducing conventional concrete. Aggressive ions such as chlo-
ride, sulphate, carbon-di-oxide and other chemicals present
in the industrial environment permeate through the concrete
and corrodes the rebar as well as deteriorates the concrete
simultaneously [1–6]. Because of higher shrinkage and heat
of hydration the permeability of concrete is not completely
ceased even in high strength concrete but its rate gets reduced.
The durability of the concrete can be enhanced by making the
surface comparatively impervious than bulk.
Addition of mineral admixtures such as ﬂy ash, silicafume,
slag in concrete reduces the permeability of bulk concrete by
pore densiﬁcation after forming additional cement hydrates
through pozzolanic reaction [7–9]. For reducing the permeabil-ier B.V. All rights reserved.
Table 1 Chemical composition of steel rebar.
Elements C Si Mn P S Cr Cu Fe
Value 0.205 0.193 0.540 0.056 0.024 0.080 0.125 98.60
616 A. Sivasankar et al.ity, sealers are widely use on the concrete surface [10–14]. The
purpose of concrete sealing is to slow down the rate of chlo-
ride and water intrusion into the concrete, providing better
corrosion protection for the steel reinforcement. It also pro-
vides an additional protection for the portions of bridge
deck with increased permeability due to shrinkage cracking
(or) increased w/c ratio. The sealer is also expected to pro-
vide resistance to gasoline, diesel, ultraviolet light, mild
chemical exposures and so on [15]. These sealers are either
oil or silane–siloxane based and reduce the permeability up
to the depth of 5–10 mm from the top surface. Oil based
sealers block the pores of the concrete (e.g.) linseed oil,
water/solvent based epoxy. These pore blockers provide little
penetration and form a thin ﬁlm on the concrete surface.
The drawbacks of linseed oil are poor frictional properties
and longer curing time. It is recommended to reduce the
scaling resistance of new constructions. On the other hand,
silane based sealers are also called as penetrating sealers
chemically react with the concrete surface i.e., polymerize
and form a hydrophobic layer under the concrete surface
that repels the water and chloride ions (e.g.) silanes and
siloxanes, silicones and soluble reactive silicates. The essen-
tial requirements of good sealers are short curing time, must
allow the concrete to breathe, the color of the concrete
should not change after drying and easy to apply. National
Cooperative Highway Research Program (NCHRP) study
[16] found that concrete coated with silane had a water
absorption value that was 30% of untreated concrete. Ait-
ken and Litvan [17] evaluated 57 types of sealers of 12 gen-
eric groups on eight types of concrete surface. They found
that most of the sealers did not penetrate the substrate to
any measurable extent and signiﬁcant penetration was ob-
tained only with sealers of alkoxysilanes and oligomeric al-
kyl alkoxy siloxanes. Thompson et al. [18] reported that
sealing concrete surface with soluble sodium silicate im-
proved the surface properties such as hardness, permeability,
chemical durability and abrasion resistance. Hagen [19] stud-
ied the ﬁeld performance of 16 types of concrete sealers on
actual concrete bridge decks. After 3 years of ﬁeld test, he
found that water based silane, solvent based silane and
siloxane performed better than the others. After conducting
accelerated corrosion test, Ibrahim et al. [20] found that si-
lane, silane–siloxane with top coat and acrylic coating were
effective in reducing the rate of reinforcement corrosion.
Four types of penetrating sealers of three generic groups
were tested against linseed oil to rate their effectiveness by
conducting accelerated tests (90-days ponding test, rapid
chloride permeability test) in the laboratory [21]. The studies
concluded that solvent based silane and water soluble acrylic
latex performed better whereas soluble reactive silicates per-
formed worst. The reported investigations on the perfor-
mance of water based silane–siloxane penetration sealers
on the concrete surface is less.
The main objective of the present study is to estimate
the delaying of onset of corrosion of rebar embedded in
surface treated concrete quantitatively. Three types of seal-
ers were evaluated and their effectiveness were compared
with the untreated concrete. Sealers which can be either
added during the casting of concrete or applied on concrete
surface after hardening of concrete were taken for evalua-
tion studies.2. Materials and methods
2.1. Cement and aggregates
Ordinary Portland cement conforming to IS 8112 was used
[22]. River sand and crushed blue granite of high quality were
chosen as ﬁne and coarse aggregates respectively. The different
size fractions of coarse aggregate (16 mm downgraded and
12.5 mm downgraded) were taken and mixed to get a speciﬁed
grading. The ﬁne aggregate was sieved through a 4.75 mm
sieve. The ﬁneness modulus of coarse aggregate and ﬁne aggre-
gate was 7.78 and 2.72 respectively. High yield strength thermo
mechanically treated (TMT) bars of Fe 415 grade conforming
to IS: 1786 [23] was used as rebar. Table 1 shows the chemical
composition of the steel rebar used.
2.2. Preparation of concrete specimen and method of
measurement
2.2.1. Rapid chloride permeability test (RCPT)
Concrete mix proportion of 1:1.871:3.292 with w/c ratio of 0.5
was used for casting the concrete specimen. The characteristic
compressive strength of concrete is 29 MPa after 28 days of cur-
ing. Concrete disk of size 100 mm diameter with 50 mm thick
was cast to conduct this test. The specimens were cured in pota-
ble water for 28 days. After curing, the specimens were dried at
room temperature for 7 days. After drying, the surface was
cleaned using emery sheet to remove the dust. The circumferen-
tial area of the disk was sealed using epoxy resin and thus allows
the diffusion of chloride through one direction only. Sealer type
I was added during the casting of concrete whereas sealer types
II and III was applied on the one side of the disk by brush as per
manufacture’s recommendation as given in Table 2. The second
coat was applied in 24 h interval. Then the specimens were al-
lowed to cure at ambient temperature for 7 days which allows
polymerization to take place on concrete surface. The RCP test
was carried out as per the procedure mentioned in ASTM
C1202-10 [24]. The disk was ﬁxed between upstream and down-
stream chamber as shown in Fig. 1 in such away that the surface
treated with sealer was ﬁxed in the upstream chamber contain-
ing chloride whereas the untreated surface was ﬁxed with the
downstream chamber without chloride. A DC potential of
60 V was applied between the cells for a duration of 6 h. Me-
tal–metal oxide coated titanium was used as electrodes for
impressing the voltage. The chloride ion permeated from the up-
stream chamber to downstream through the concrete was calcu-
lated in coulombs as per the following equation:
Q ¼ 900ðI0 þ 2I30 þ 2I60 þ    þ 2I300 þ 2I330 þ I360Þ ð1Þ
where Q charge passed C, I0 Initial current after voltage is ap-
plied A and It current at time min after voltage is applied A.
The specimen diameter used in this study is 100 mm which
is other than 95 as recommended in C 1202 and hence the
above value has been corrected using the following formulae.
Table 2 Speciﬁcation of three types of sealers.
Properties Sealer type I Sealer type II Sealer type III
Commercial name Water prooﬁng
admixture
Aqueous silane siloxane
based emulsion
Thixotropic silane and siloxane
water repellent cream
Generic type Silicone ester Silicone ester Isobutyltriethoxysilane
Appearance Milky white liquid Milky white liquid White cream
Odour Slight alcoholic – –
pH 7 6.5–7 7–8
Solubility in water Miscible Miscible Miscible
Density 0.95 0.95 0.91
Dosage 125 ml for 50 kg of
cement
200 ml/m2 200 ml/m2
Reduced water
absorption, %
90 95 98.3
Method of
application
Added to the
concrete
Coated on concrete surface Coated on concrete surface
Figure 1 Rapid chloride penetration test setup.
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3:75
x
 2
ð2Þ
where Qs – charge passed (coulombs) through 3.75 in. diameter
concrete disk, Qx – charge passed (coulombs) through 4.13 in.
diameter concrete disk, x-diameter in mm of the non-standard
specimen. After calculating the charge passed, the values were
correlated to chloride ion permeability as given in ASTM
C1202-10 which is reproduced in Table 3.
2.2.2. Calculation of diffusion coefﬁcient (Deff)
At the end of RCP test, the specimens were split into two
pieces and then chloride penetration depth was measured byTable 3 Chloride-ion permeability test as per ASTM.
Charge passed (Coulombs) Chloride ion penetrability
>4000 High
2000–4000 Moderate
1000–2000 Low
100–1000 Very low
<100 Negligiblethe colorimetric method. After spraying 0.1 N silver chloride
solution (cd  0.07 N) across the depth of concrete, the depth
up to which change in color was measured and that value
was taken as xd. As the experiment was conducted only 6 h
the binding of chloride is not possible. Hence the non-steady
state migration diffusion (Dnssm) coefﬁcient was calculated
using the modiﬁed Nernst–Plank equation [25].
Dnssm ¼ RTL
zFU
xd  a ﬃﬃﬃﬃﬃxdp
td
ð3Þ
where Dnssm is the non-steady state migration diffusion coefﬁ-
cients m2/s, xd the penetration depth of chloride ions m, td the
test duration, and a is the test constant calculated by the fol-
lowing equation.
a ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RTL
zFU
r
erf1 1 2cd
c0
 
ð4Þ
where R is the gas constant 8.314 J/K mol, T the temperature
of the upstream test solution K, L the specimen thickness m, z
the ionic valence of chloride ions, F the Faraday constant
96,500 C/mol, U the applied potential V and co and cd are
the chloride concentration in the upstream solution and at
the chloride penetration front respectively.
The Dnnsm as calculated from Eq. (3) cannot be directly
used to calculate the effective diffusivity, therefore it need to
be converted. According to Tang [26], it can be obtained from
the following equation.
Deff ¼ DnssmðUþ KbWhydÞ ð5Þ
where U is the total porosity per total volume of concrete, Kb is
the chloride binding constant andWhyd is the weight of hydra-
tion products per unit volume of concrete kg/m3. The value of
Kb is assumed based on the experimental data reported by
Tang [27] and Delagrave et al. [28]. Similarly the value ofWhyd
has been assumed as 364 kg/m3 and calculated from the stoi-
chiometry of the cement hydration reactions [29]. The total
porosity of the concrete was estimated using oven-drying
method as described in Ref. [30].
2.2.3. Determination of chloride tolerable limit
The tolerable limit of chloride is an important parameter to
estimate the delaying of onset of corrosion quantitatively.
The TMT rebars used in the present study may have higher
618 A. Sivasankar et al.tolerable limit and the limit of 0.4%byweight of cement as spec-
iﬁed in CEB,ACI [31,32] cannot be used. To estimate this, cyclic
polarization was carried out. For this, cylindrical concrete spec-
imens having a size of 66 mm dia · 140 mm height were cast. At
the center of the specimen, 16 mmdiameter TMT rebar having a
length of 8 cm was embedded. The clear cover of the rebar is
25 mm. Before embedding the rebar, the initial rust was re-
moved by acid pickling. At one of the ends, copper wire was sol-
dered to give electrical connection and that was sealed with heat
shrinkable sleeves. Both top and bottom ends were sealed using
epoxy resin by leaving an exposed area of 7 cm. During the cast-
ing of concrete 0.4%, 0.5%, 0.6% and 1.0% chloride by weight
of cement was added. After demoulding, the specimens were
cured in potable water containing the same amount of chloride
which was added inside the concrete to avoid leaching of added
chloride during curing. After 3 days of curing, the cyclic polar-
ization was carried out, in the potential range of 100 mV
cathodic to 750 mV anodic from OCP at the scan rate of
120 mV/min. IR compensation was done using the AC resis-
tancemethod at the frequency of 1000 Hzwith anACamplitude
of 20 mV. The experiment was conducted using ACM-GILL
AC (Advanced Corrosion Measurements, UK) that was oper-
ated by theACMsequencer/core running/analysis V3 combined
software. During the measurement to avoid leaching of OH
and Cl ions from the concrete it was kept immersed in the solu-
tion containing 0.04 NNaOHwith the same amount of chloride
which was added inside the concrete. Platinized titanium cylin-
drical mesh of size 66 dia · 70 mm height was used as a counter
electrode and saturated calomel electrode was used as a refer-
ence electrode. The potential at which current tends to increase
has been taken as Epit and experiment was continued up to one
decade of current to ﬂow and then reverse polarization was car-
ried out. After conducting the experiment, the concrete speci-
men was broken open immediately and visually examined for
any pits on the rebar. The above experiment was conducted
on rebar embedded in untreated concrete only.
2.2.4. Impressed voltage test
Time to cracking of rebar in surface treated/untreated was
determined by conducting 3 V impressed voltage test. It is an
accelerated electrochemical corrosion test. Concrete specimens
were prepared as described in Section 2.2.3 without adding any
chloride. The curing was done for a period of 28 days. The
specimens were kept immersed in 3.5% chloride solution and
a DC potential of 3 V was applied as shown in Fig. 2a and
b. Perforated stainless steel electrode was used as a counter
electrode. The current was measured periodically and the test
was continued till the cracks appeared on the concrete surface.
During the test, the concrete specimens were examined period-
ically for cracks on the outer surface using a magnifying lens.
2.2.5. Corrosion rate
The average current measured during the experimental period
for each system was converted into corrosion rate using Fara-
day’s law as below;
Loss in weight; g ¼MIt
zF
ð6Þ
where M is the mass of iron g/mol, I is the current A, T is the
time days, Z is number of ions involve in the reaction and F is
the Faraday’s constant 96,500 C/mol.Corrosion rate;mmpy ¼ weight loss 365 10
AreaDensityDays ð7Þ2.2.6. Determination of time to initiation of corrosion (Ti)
Using Fick’s second law, Ti was estimated as below
Ti ¼ x
2
4Defferf
ð1 cx
cs
Þ2 ð8Þ
whereTi time for chloride to reachCx (x, t) at cover depth x secs,
x cover of concrete cm,Deff diffusion coefﬁcient of chloride m
2/
s, Cs surface chloride concentration percentage by weight of ce-
ment, Cx threshold chloride concentration at which corrosion
initiates on the rebar, percentage by weight of cement.
3. Results and discussion
3.1. Rapid chloride permeability test (RCPT)
Fig. 3 compares the current vs. time plot of untreated concrete
and surface treated concrete. The magnitude of current indi-
rectly indicates the amount of chloride passed through the con-
crete from the upstream to downstream chamber. It is clearly
evident that the ﬂow of current is maximum in the range of
0.16–0.20 mA in untreated concrete, whereas for sealer type
III the current is minimum which is in the range of 0.02–
0.05 mA. It implies that, the current ﬂow is 8–10 times lower
than that of untreated concrete. Sealers repel both water and
chloride which reduces the current abruptly. Fig. 4 compares
the coulombs obtained for untreated/treated concrete. As per
ASTM C1202, the untreated comes under the category of high
chloride ion permeability; sealer types I and II comes under
moderate chloride ion permeability; sealer type III comes un-
der ‘‘very low chloride ion permeability’’ respectively. Sealer
type III performed better than the other two types of sealer.
3.2. Chloride tolerable limit
Figs. 5 and 6 compare the cyclic polarization curve of TMT re-
bar embedded in uncontaminated concrete with 0.4%, 0.6%
and 1% chloride contaminated concrete. It is shown that an
extended passive region exists on the anodic polarization part
for rebar in uncontaminated concrete and this region is started
from 250 mV to 550 mV. Epit is observed at 575 mV and this
value is in close agreement with the value reported by Saricime
and Mahallati [33]. In the presence of 0.6% and 1% chloride
contaminated concrete, this passive region gets decreased to
0–550 mV and 0–450 mV respectively, Epit is same both 0%
and 0.4% chloride added concrete. But there is a decrease in
pitting potential (Epit) from 575 mV to 500 mV when the chlo-
ride concentration level is increased from 0% to 0.6% (Ta-
ble 4). The level of chloride at 0.6%, Epit  Ecorr also get
decreased to 810 mV from the value of 985 mV and conﬁrms
that breakdown of the passive ﬁlm is occurred and that level
has been taken as threshold concentration. At 1% chloride
contaminated concrete, Epit is decreased further and reached
to the value of 450 mV. After broke open the specimen pits
were observed on the rebar at 0.6% chloride added level on
the other hand no pits were observed at 0.4%. The presence
of ferrite–martensite structure on the outside radius of the
TMT rebar and higher Cr (0.080%) than cold twisted rebar
Figure 2 Impressed voltage test setup. (a) Schematic diagram. (b) Impressed voltage test setup.
Figure 3 Evolution of current values over time of three sealers
during RCPT.
Figure 4 Comparison of coulombs in untreated/treated concrete.
Figure 5 Cyclic polarization curves of TMT rebar in 0% and
0.4% Cl- added concrete.
Figure 6 Cyclic polarization curves of TMT rebar in 0.6% and
1.0% Cl added concrete.
Quantitative estimation on delaying of onset of corrosion of rebar in surface treated concrete using sealers 619
Table 4 Ecorr and Epit obtained from the cyclic polarization test.
Cl wt of cement Ecorr, (mV vs. SCE) Epit, (mV vs. SCE) Epit  Ecorr, (mV vs. SCE) Visual observation
Control 410 575 985 No pit observed
0.4 260 575 835 No pit observed
0.6 260 550 810 Pits observed
1.0 320 450 770 Pits observed
620 A. Sivasankar et al.(0.04%) increases the tolerable limit of chloride from 0.4 (cold
twisted deformed bar) to 0.6% chloride by weight of cement
[34].
3.3. Time to initiation of corrosion
The diffusion coefﬁcient of chloride of untreated/treated con-
crete and as a consequence time to initiation of corrosion of
rebar embedded in them is compared in Fig. 7. It shows that
sealer type III has very low diffusion rate of chloride
6.8942 · 1012 and delays the onset of corrosion by 4.5 times
compared to that of untreated concrete It seems that because
of higher hydrophobicity created by sealer type III than others,
the rate of ingress of chloride is very much reduced.
3.4. Impressed voltage test
The corrosion resistance of rebar in untreated/treated concrete
is evaluated in the presence of chloride and moisture. Fig. 8
compares the current ﬂow during the test. The current ﬂow
is higher both in untreated concrete and treated concrete with
sealer type I which is in the range of 0.5–6.5 mA. In sealer type
II and III, the current ﬂow is reduced to the range of 0.5–
1.5 mA which is four times lower than that of untreated con-
crete. Higher the current ﬂow indicates the more amounts of
water and chloride permeated through the concrete. It occurs
in untreated concrete whereas in treated concrete, the ingress
of chloride and moisture is hindered because of its repulsive
action.
When the rebar is embedded in concrete, the OH ions
present inside the concrete forms a passive ﬁlm Fe(OH) imme-
diately on the surface as given in Eqs. (11) and (12). When cur-
rent ﬂows during the test, the negatively charged chloride ions
moved towards the positively charged rebar at a faster rateFigure 7 Deff and Ti: comparison between treated with untreated
concrete.along with the water. When the chloride reaches the rebar, it
loses one electron and critically forms iron hydroxyl chloride
and ﬁnally forms ferrous chloride (FeCl2) as given in Eqs.
(11) and (12). In the presence of water, Fe get oxidized to fer-
rous and ferric hydroxide (FeII and FeIII) complex as given in
Eqs. (13)–(15). Fe (OH)2 is further oxidized to Fe2O3 as given
in Eq. (16) which is responsible for cracking of concrete be-
cause its volume is four times more than that of the rebar
FeþOHFeOHabs þ e ð9Þ
FeOHabsFeOHþabs þ e ð10Þ
FeOHþabs þ Clabs ! FeOHCl ð11Þ
FeOHClþ Cl ! FeCl2 þOH ð12Þ
4Fe2þ þO2 ! 4Fe3þ þ 2O2 ð13Þ
Fe2þ þ 2H2OFeðOHÞ2 þ 2Hþ ð14Þ
Fe3þ þ 3H2OFeðOHÞ3 þ 3Hþ ð15Þ
2FeOðOHÞFe2O3 þH2O ð16Þ
Untreated concrete allows more amount of chloride than trea-
ted concrete which increases the dissolution rate of rebar and
as a consequence the concrete cracks very earlier i.e., at
21 days. Fig. 9 clearly shows that after 21 days of testing, rust
is observed only on untreated concrete surface. The reduced
rate of water and chloride ingress in treated concrete reduces
the dissolution rate of rebar and takes more time i.e.,
60–86 days to crack the concrete. The results conveyed thatFigure 8 Comparison of current values during impressed voltage
test.
Figure 9 Rusting on concrete surface after conducting 21 days of the impressed voltage test.
Figure 10 Comparison of time taken to crack in untreated/
treated concrete. Figure 11 Comparison of corrosion rate of rebar.
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ted concrete is delayed by four times. Compared to untreated
concrete, the crack width also less on treated concrete
(Fig. 10). Fig. 11 compares the corrosion rate of rebar in un-
treated and treated concrete. From the ﬁgure, it is understood
that rebar in treated concrete with sealer type III is having a
lowest corrosion rate of 0.2015 mmpy. From the results it
could be concluded that the protection efﬁciency of the three
sealers evaluated is in the order of type III > type II > type I.
From the foregoing discussion, it is found that alkyltrialk-
oxy silane performed better than silicone ester group. Silanes
are smallest silicone molecules, which can penetrate deep into
the concrete surface. The OH ions present in the concrete, re-
act with silane and forming a silicone resin network. This reac-
tion makes a strong chemical bond which provided the higher
hydrophobicity and get permanently bonded to the substrateand cannot be washed out. The chemical structure of alkyltri-
alkoxy silane is shown below
RO
RO Si X
RO
where – OR is a alkoxy group i.e., methoxy, ethoxy, butoxy,
etc., –X is a organic group, such as methyl, ethyl, butyl or oc-
tyl, and it provides hydrophobicity. Generally hydrophobicity
increase in the order of methyl < ethyl < butyl < octyl [35].
Sealer III is a isobutyltriethoxy silane. The molecular formula
is C10H24O3Si and molecular weight is very low i.e., 220. The
penetration depth in concrete is around 12 mm for sealer type
III whereas for sealer type II penetration depth is around
622 A. Sivasankar et al.4–6 mm. Sealer types I and II belongs to silicone ester group
and having lower hydrophobicity as compared to the alkyltri-
alkoxy silane group. Another advantage of water based silane–
siloxane is more eco-friendly than solvent based silane–
siloxane.
Silanes, siloxanes and silicones produce the same end prod-
uct, a hydrophobic silica gel. The basic difference between
these products lies in the size of the molecules, silanes being
the smallest and silicones the largest. The reasons for better
performance of sealer type III than type II and I are small size
of the silane molecules being able to penetrate deeper into the
concrete and higher hydrophobicity due to the presence of al-
kyl organic group.
4. Conclusion
i. The presence of the butyl organic group of alkyltrialk-
oxy silane based sealer (sealer type III) increase the
hydrophobicity thereby repels the chloride and water
more effectively than ester group silicone based sealer
(sealer type I and II).
ii. Being the smaller molecular size of silane based sealer
able to penetrate deeper into the concrete i.e. up to
12 mm whereas silicone based sealer which can penetrate
only up to 4–6 mm.
iii. Accelerated corrosion tests conducted in 3.5%sodium chlo-
ride solution on treated/untreated concrete, the corrosion
resistance of the three sealers evaluated is in the order of type
III > type II > type I. These water based sealers are envi-
ronmental friendly than solvent based sealers.
iv. The reasons as given in (i) and (ii), the surface treated
concrete using sealer type III enhances the service life
of the concrete by four times than that of untreated con-
crete during both initiation and propagation period of
deterioration process of rebar in concrete structures.Acknowledgement
The authors wish to acknowledge the M/S.Tech Dry Pvt.,
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